Crib-biting is a repetitive and compulsive behavior that is characterized by "grasping a fixed object with incisor teeth and aspirating air with an audible grunt." Little is known about etiology and pathophysiology of crib-biting behavior in horses. Previously, we have shown that oxidative stress is linked to cribbiting, with crib-biters showing lower antioxidant capacity than nonecrib-biting horses. The aim of the present study was to extend our understanding of oxidative stress in crib-biting to determine the serum contents of some mineral trace elements (manganese [Mn] [Ca], and phosphorus [P]). Also, the activity of enzymes (alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and gamma glutamyl transferase), some hormones (cortisol, ghrelin, b-endorphin, and serotonin) and blood biochemistry values of various parameters was measured to evaluate their possible association with cribbiting behavior in horses. Blood samples were taken from all horses under the following conditions: basal conditions of crib-biting horses, during or immediately after crib-biting periods, and from non ecrib-biting, healthy horses (control group). Serum Se concentration was significantly lower (P 0.001) in crib-biting horses than in controls, with the lowest levels seen during crib-biting behavior. Other measured parameters did not differ between acute crib-biting horses and healthy controls. These observations suggest that alterations in serum Se, an important component of the antioxidant system, may play a role in the pathophysiology of crib-biting behavior in horses, adding further evidence to the theory that crib-biting may be related to increased oxidative stress and alterations in essential trace elements.
Introduction
Crib-biting is an abnormal repetitive behavior observed in horses. During crib-biting, horses grasp a fixed object with incisor teeth and aspirating air with an audible grunt. This behavior is the most prevalent stereotypy in horses which characterized by repetitive and compulsive habit (Sarrafchi and Blokhuis, 2013) . There are several consequences of crib-biting, including health problems such as dental disorders (wear of incisors), temporohyoid joint damages, poor performance, weight loss, colic, and diminished learning (Dixon and Dacre, 2005; Grenager et al., 2010; Hausberger et al., 2007; Sarrafchi and Blokhuis, 2013; Archer et al., 2008; Parker et al., 2008a; Parker et al., 2009) . In general, crib-biting is seen in stabled horses with suboptimal management and welfare (Cooper and McGreevy, 2002; Parker et al., 2008b) .
Little is known about the pathophysiology of crib-biting behavior in horses, including basic questions about the biological profiles of crib-biting horses. Some authors suggest that crib-biting horses have increased stress sensitivity and lower behavioral flexibility (Bachmann et al., 2003; Parker et al., 2008a; Parker et al., 2009) . In a study by Omidi et al., (2017) , level of antioxidants such as total antioxidant capacity, superoxide dismutase, glutathione peroxidase (GPx), and catalase were significantly decreased in crib-biting horses at rest and further decreased during an acute phase of crib-biting. The same findings were observed in humans with various affective disorders such as depression and anxiety (Liu et al., 2015; Xu et al., 2014) . Oxidative stress may play a role in the pathophysiology of crib-biting (Omidi et al., 2017) . Trace elements such as selenium (Se), zinc (Zn), manganese (Mn), and copper (Cu) protect the body from oxidative stress. For example, free radical scavenging activity of GPx and the immune system is mediated by Se levels (Leung, 1998) . In addition, Zn is present in numerous proteins involved in the defense against oxidative stress (Song et al., 2009) . Finally, Cu/Zn SOD is a cofactor that acts as free radical scavenger (Dancygier and Schirmacher, 2010) . What is not clear is the profiles of trace elements in crib-biting horses, and how trace elements may contribute to crib-biting pathophysiology.
The aim of the present study was to extend our previous assessment of the oxidative stress profiles of crib-biters both during an acute crib-biting episode and during resting. In particular, we aimed to assess the changes in Mn, magnesium (Mg), Se, Cu, and Zn, sodium (Na), potassium (K), calcium (Ca), and phosphorus (P) levels in crib-biters and during crib-biting. In addition, we characterized the activity of the enzymes alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and gamma glutamyl transferase (GGT), some hormones (cortisol, ghrelin, b-endorphin, and serotonin), and blood biochemistry values of glucose, cholesterol, triglyceride, blood urea nitrogen (BUN), creatinine, urea, and albumin.
Materials and methods

Subjects
Ten crib-biting horses (7 stallion, 2 mares, and 1 gelding) of different breeds (crossbreds, Arabian, and Dareshouri) aged 2-14 years were used. The animals were single housed in conventional horse boxes in different riding stables in the surrounding of Shiraz. All crib-biting horses were current, established crib-biters and had been performing the behavior for some time based on owner reports (full history unclear for all horses). Ten age-and sex matched horses with no history of stereotypic behavior kept under the same housing conditions were used as controls.
Protocol
To minimize influences of circadian changes, all studies were carried out between 9:30 AM and 11:30 AM. Blood samples were taken from all horses under the following conditions: condition 1: basal conditions of crib-biting horses (no stereotypic behavior for at least 30 minutes); condition 2: during or immediately after cribbiting periods (crib-biting for at least 15 minutes with no interruption longer than 2 minutes); condition 3: nonecrib-biting, healthy horses (control group). The order in which crib-biting horses (condition 1 and condition 2) were sampled was typically first during acute crib-biting, followed by a basal sample. Blood samples were obtained by jugular venipuncture into plain tubes. After centrifugation of blood at 750 g for 15 minutes at room temperature, serum was separated and stored at À80 C until analysis. The samples with hemolysis were discarded. All blood sampling was carried out by a qualified veterinarian.
Biochemical analysis
Serum samples were treated using combined perchloric and nitric acid. Trace elements including Mn, Mg, Se, Cu, and Zn were measured by an atomic absorption spectrophotometer (Shimadzu AA-670, Kyoto, Japan) and were finally presented as ppm. Serum was used for the measurement of ALT, AST, ALP, GGT, glucose, cholesterol, triglyceride, BUN, urea, creatinine, total protein, albumin, globulin, calcium, and phosphorus. All assays were performed using commercial kits (Pars Azmoon, Tehran, Iran) and biochemical auto analyzer (Alpha Classic; Sanjesh Company, Iran). Measurement of serum sodium and potassium was done using flame photometer (620 Clinical flame photometer; Fater Company, Iran). Horse cortisol, ghrelin, b-endorphin, and serotonin were measured in serum using commercial kits based on sandwich enzyme-linked immunoassay (ELISA) (Shanghai Crystal Day Biotech Co., Ltd, Shanghai, China).
Statistical analysis
All descriptive statistics are reported as mean AE standard deviation. Data were analyzed using IBM SPSS Statistics, version 22.0, for Macintosh. Comparison of physiological parameters was carried out by fitting data to random intercept linear mixed-effects models. The fixed factor for all models was "group," and this had 3 levels (control, crib-biters "basal," and crib-biters "acute crib-biting"). To account for nonindependence of crib-biters (repeated measures), we included subject ID as a random effect. Denominator degrees of freedom were estimated by the Satterthwaite approximation. Post hoc comparisons were carried out with respect to Bonferroniadjusted alpha values. As there were 26 blood parameters measured, we used an adjusted a value of 0.05/26 ¼ 0.002.
Results
All data were fitted to random intercept linear mixed-effects models. There was a main effect of treatment, with cribbers showing lower Se levels than controls at rest and lower still when cribbing (F [2,19.3 Figure) . There was also some suggestions of an effect of cribbing status on Zn, with cribbers showing lower Zn levels at basal, but this was normalized during the cribbing behavior (F [2,19.9] ¼ 3.7, P ¼ 0.04) (Table 1) . However, this fell above the adjusted a value of 0.002, so this result should be treated with caution. There were no significant differences between the conditions for any of the other parameters (Tables 2e4).
Discussion
In this study, we evaluated the levels of mineral trace elements in crib-biting horses in order to examine their potential role in cribbiting pathophysiology. We found that crib-biters have lower levels of Se at rest, and the Se levels are reduced further during crib-biting. We also found some emerging evidence that there were decreases in Zn at rest, but that the levels were normalized during crib-biting behavior, suggesting a negative feedback mechanism; however, the result fell short of our corrected a value and should be treated with Figure. Crib-biting horses showing lower Se levels than controls at rest (basal) and lower still when cribbing (cribbing). **P < 0.001.
caution. These data are the first to evaluate the potential role of trace elements in crib-biting and together suggest that crib-biting may share physiological characteristics with human neuropsychiatric conditions, in which Se and Zn appear to play a role in the pathophysiology.
Endogenous cellular function is mediated by trace elements which act as cofactors (Prashanth et al., 2015) . For example, Se is an essential component of GPx, thus underlining its role in antioxidative protection against free radical damage to nucleic acids, lipoproteins, and cell membranes. It is generally accepted that Se deficiency is linked to adverse mood states (Feren cík and Ebringer, 2003) . Various theories have highlighted putative common mechanisms in captive animal stereotypies and in human disorders in which repetitive or stereotypic behaviors are common, such as schizophrenia and autism. For example, Garner et al., (2003) found that stereotypic behavior in parrots was correlated with behavioral disinhibition. In addition, Omidi et al., (2017) found similar alterations in antioxidant enzymes in crib-biting horses as are observed in patients with schizophrenia.
There are various links between Se levels and human psychiatric conditions that are characterized by stereotypic behavior, such as schizophrenia. For example, lowered Se levels have been observed in schizophrenia patients when compared with healthy controls (Vidovi c et al., 2013; Sharma et al., 2014; Cai et al., 2015) . Specifically relating to stereotypic behavior, lowered Se concentration was observed in a 24-year-old man showing involuntary stereotypies of movement and thinking (Davies et al., 2009 ). Interestingly, schizophrenia has been reported to be more prevalent in areas where the soil contains very low Se (Foster, 1988) , suggesting that dietary deprivation of Se may be a key risk factor. Indeed, considerable evidence suggests that variation in affective state is related to variation in dietary Se (Sher, 2002) . Finally, alteration in the bioavailability of Se may have cytotoxic effects in the brain. Kanazawa et al., (2008) , for example, found enhancement in expression of selenium-binding protein (SELENBP1) in schizophrenia and those showing psychotic symptoms. The underlying mechanism by which dietary Se affects behavior, however, is not presently clear. One potential explanation is that Se-GPx interactions may play important roles in antioxidant mechanisms (Benton, 2002) . Thus, reduced Se may cause oxidative stress, which may in turn increase the risk for mental disorders. In horses, however, the links between dietary Se and oxidative stress may not be so clear. For example, Se-GPX activity in mature horses is not a good indicator of dietary Se (Shellow et al., 1985) .
In this study, we found that Zn levels were lower in crib-biting horses at baseline but were normalized during an episode of cribbiting. As mentioned earlier, owing to our testing of multiple outcome variables, we adopted an adjusted a value for rejection of the null hypothesis. On this occasion, the Zn findings fell short of this and should be treated with caution. Zn is essential for brain development, axonal function, and other functions including neurotransmission at the glutaminergic pathways in the limbic system. Zn is important for normal function of other elements such as Cu coactivate enzymes, SOD (Cu/Zn SOD isoform) or phospholipase C (Tapiero and Tew, 2003) . There is a potential roles of Zn in the pathophysiology and treatment of major depressive disorder (Swardfager, 2013) , and similar to Se, reduced Zn levels have been observed in schizophrenia patients (Cai et al., 2015) . It was interesting that here, we found that Zn differences were transient, with crib-biting horses showing lower Zn at rest, but during the cribbiting episode, Zn increased to the levels observed in our control group. The transient nature of Zn levels contingent on crib-biting suggests that the act of crib-biting may have some functional significance in terms of Zn regulation. This finding requires further investigation, especially in the light of the observed difference falling short of our penalized a value. For example, it may be prudent to replicate the blood work with a larger sample and to concurrently examine the effects of Zn supplements on crib-biting. We found no differences either in cortisol or b-endorphin levels either at baseline or during crib-biting, and this broadly agrees with previous work (Hemmann et al., 2012; Fureix et al., 2013) . Previous studies have shown altered hypothalamicepituitaryeadrenal axis activation in response to stressors associated with crib-biting, but that was not tested here (Bachmann et al., 2003) . In addition, we found no significant difference between serum ghrelin concentration for crib-biting horses. The plasma ghrelin profile of crib-biting horses is far from clear. For example, Hemmann et al., (2012) observed significantly higher mean plasma ghrelin concentration for the crib-biting horses than for the control horses, but in a follow up study, the same group (Hemmann et al., 2013) found that although plasma ghrelin concentration was significantly higher before feeding concentrate than before hay feeding or after the concentrate, there was no difference between crib-biting horses and controls. It may be, therefore, that plasma ghrelin concentrations reflect differences in husbandry/feed of the horses instead of being directly linked to crib-biting. Previous work has shown evidence for lower basal serotonin levels in crib-biters (Lebelt, et al., 1998) , and serotonin reuptake inhibitors have been reported to reduce stereotypic behavior in horses (McDonnell, 1998) , suggesting there may be differences in cribber's serotonergic systems. In this study, we found no difference between control and crib-biting horses in serotonin concentrations at rest or in crib-biters during a crib-biting episode when compared with the basal condition.
Conclusion
In conclusion, our observations of blood biochemistry in cribbiting horses suggest that alterations in serum essential trace element Se, which is a potent antioxidant in cellular interactions, may play a role in the pathophysiology of crib-biting behavior in horses. Further research should now investigate the functional significance of these alterations, perhaps by studying the effects on crib-biting of dietary supplements of Se and Zn.
Acknowledgments
The authors gratefully acknowledge the financial support for this work provided by the Vice Chancellor for Research of the Shiraz University.
The idea for the article was conceived by Arash Omidi; Arash Omidi and Reza Jafari developed the research and managed the literature searches; Matthew O.Parker undertook the statistical analyses; Arash Omidi and Matthew O.Parker wrote and approved the final article. Saeed Nazifi measured the laboratory parameters.
Ethical considerations
The experiment was performed under the approval of the state committee on animal ethics, Shiraz University, Shiraz, Iran (IACUC no: 4687/63). Also, the recommendations of European Council Directive (86/609/EC) of November 24, 1986, regarding the protection of animals used for experimental purposes were considered.
